Mitral annuloplasty has been a keystone to the success of mitral valve repair in functional mitral regurgitation. Understanding the complex interplay between annular-ring stresses and left ventricular function has significant implications for patient-ring selection, repair failure, and patient safety. A step towards assessing these challenges is developing a transducer that can be implanted in the exact method as commercially available rings and can quantify multidirectional ring loading. An annuloplasty ring transducer was developed to measure stresses at eight locations on both the in-plane and out-of-plane surfaces of an annuloplasty ring's titanium core. The transducer was implanted in an ovine subject using 10 sutures at near symmetric locations. At implantation, the ring was observed to undersize the mitral annulus. The flaccid annulus exerted both compressive (−) and tensile stresses (+) on the ring ranging from −3.17 to 5.34 MPa. At baseline hemodynamics, stresses cyclically changed and peaked near midsystole. Mean changes in cyclic stress from ventricular diastole to mid-systole ranged from −0.61 to 0.46 MPa (in-plane direction) and from −0.49 to 1.13 MPa (out-of-plane direction). Results demonstrate the variability in ring stresses that can be introduced during implantation and the cyclic contraction of the mitral annulus. Ring stresses at implantation were approximately 4 magnitudes larger than the cyclic changes in stress throughout the cardiac cycle. These methods will be extended to ring transducers of differing size and geometry. Upon additional investigation, these data will contribute to improved knowledge of annulus-ring stresses, LV function, and the safer development of mitral repair techniques.
Introduction
Functional mitral regurgitation (FMR) occurs when the heart's mitral valve (MV) is rendered incompetent by left ventricular (LV) remodeling and gross three-dimensional distortions in MV geometry (Braunwald, 1999; . FMR affects approximately 3 million people in the United States and over 50% of patients with reduced LV ejection fraction undergoing coronary artery bypass grafting (Borger et al., 2006; Trichon et al., 2003) . The surgical repair of this disease has relied on reducing the shape and size of the mitral annulus by implanting an undersized, complete rigid annuloplasty ring (Bolling et al., 1998) . While effective in many patients, undersized annuloplasty has been demonstrated to result in poor survival, low rates of reverse LV remodeling, and recurrent severe mitral regurgitation in 10-15% of FMR patients who preoperatively exhibit a severely distended LV (McGee et al., 2004; Kuwahara et al., 2006) .
Repair failure after undersized annuloplasty results from progressive leaflet tethering and LV dysfunction, implicating a mal-distribution of annular and subvalvular stresses as a probable mechanism (McGee et al., 2004; Kuwahara et al., 2006) . While an array of annuloplasty rings are commercially available, no consensus exists for which rings may be best for a severely distended LV (Bruan et al. 2012) . Moreover, only limited knowledge exists for how annuloplasty rings may reduce annular-ring stresses in hopes of improving postoperative LV function and patient outcomes (Jensen et al. 2008) Understanding the complex interplay between annular-ring stresses and left ventricular function has significant implications for patient-ring selection, repair failure, and patient safety (Aguel et al., 2011; Bruan et al. 2012; Draft Guidance for Industry and FDA Staff, 2010) . A step towards assessing these challenges is developing a transducer that can be implanted in the exact method as commercially available rings and can quantify stresses on the in-plane and out-of-plane annuloplasty ring surfaces. Developing these transducers will provide the ability to test the effect of ring size, shape, and implantation method on regional ring loading. These data will improve clinical knowledge by providing mechanistic understanding of how ring selection and stress may contribute to LV function. To this end, the aim of this study is to assess the feasibility of developing and implanting a strain-gage based transducer to quantify the stresses imparted on a flat mitral annuloplasty ring due to implantation and cyclic annular contraction.
Methods

Instrumented Annuloplasty Ring
A novel transducer was developed to measure in-and out-of-plane bending stresses endured by an annuloplasty ring from implantation and cyclic contraction of the mitral annulus. Similar to the shape of the native annulus, the ring's core possessed a kidney-shaped profile and was fabricated from 6-AL 4V titanium. This lower modulus alloy provided potential long-term biocompatibility and an excellent linear-elastic element for stain gage measurements. The ring's outer dimensions were based on mitral annular sizes measured in a healthy ovine model , while the ring's thickness was constrained to the dimensions of the miniature strain gages to be adhered to the ring's surface (EA-031DE-350, Vishay Micro-Measurements, Malvern, PA) ( Fig. 1) . These gages have a measurable range of ±3% strain and minimum measurable value of approximately 0.1 microstrain (Window, 1989) .
Strain gages were bonded to the titanium ring in a half-bridge configuration on the in-plane (posterior-anterior and septal-lateral) and out-of-plane (apical-basal) surfaces at the septal, lateral, and commissural segments ( Fig. 1) (Window, 1989) . Strain gages and lead-wire terminals were bonded to the ring using M-Bond 43-B to provide thin, hard, and void-fee bondlines (Vishay Micro-Measurements, Malvern, PA). Terminal strips were utilized to prevent damaging forces being transferred to the strain gages from the lead wires (0.18 mm diameter silver-plated copper wire, Vishay Micro-Measurements, Malvern, PA).
After installation, each bridge was thinly coated (<0.1 mm thick) with Loctite® M-31CL™ Hysol® Medical Device Epoxy (Ellsworth Adhesives, Germantown, WI) for mechanical protection. The ring was then coated with synthetic rubber to provide a secondary moisture barrier and an anchoring material for the suture cuff (Plasti Dip, Performix, Blaine, MN). To complete the suture cuff, cardiovascular polyester fabric (thickness 0.61±0.10 mm) (611 Double Velour Fabric, C.R. Bard, Murray Hill, NJ) was tightly sewn around the ring to allow for implantation similar to commercial annuloplasty rings (Fig. 2) . After fabrication, the ring exhibited a 6.9 cm 2 outer area, 2.6 cm septal-lateral dimension, 3.3 cm transverse diameter, and thickness of 0.7 cm. While the outer dimensions of the ring were comparable to a size 32 mm Carpentier-Edwards Physio ring, the inner orifice area was 1.6 cm 2 .
Experimental Protocol
The animal used in this work received care in compliance with the protocols approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania in accordance with the guidelines for humane care (National Institutes of Health Publication 85-23, revised 1996).
One Dorsett Hybrid sheep (45 kg) was intubated, anesthetized, and ventilated with isofluorane (1.5% to 2%) and oxygen. Surface electrocardiogram and arterial blood pressure was monitored. After establishment of cardiopulmonary bypass, a left atriotomy was performed. Ten 2-0 Ethibond Exel Polyester sutures (Ethicon, Piscataway, NJ) were placed in the subjects mitral annulus and through the cuff of the instrumented annuloplasty ring ( Fig. 2A ). Prior to lowering and securing the ring into the mitral annulus, each of the ring's strain gage bridges was zeroed. The annular sutures were secured to the ring in the following order: left fibrous trigone, right fibrous trigone, then each remaining suture proceeding clockwise from the left fibrous trigone (Fig. 2B ). After implantation, the strains imparted on the ring by the flaccid mitral annulus were recorded.
Following atrial closure, degassing, and separation from cardiopulmonary bypass; continuous wave Doppler echocardiography was completed (Phillips ie33, Phillips, Amsterdam, Netherlands). A high-fidelity pressure transducer (SPR-3505; Millar Instruments, Houston, TX) was passed percutaneously into the LV through the femoral artery for continuous measurement of LV Pressure (LVP). Surface electrocardiogram (EKG), LVP, and arterial pressure (Hewlett-Packard 78534C monitor; Hewlett-Packard Inc, Santa Clara, CA) were monitored. Upon establishing baseline hemodynamics (90 mmHg peak LVP, 4.0 L/min cardiac output), cyclic ring strains were measured within the postcardioplegic heart. After successful measurement of all endpoints, the subject was euthanized with 1 g thiopental and 80 mEq KCl. The heart was removed and opened to verify placement and firm anchoring of the device to the mitral annulus (Fig. 3) .
Data Acquisition and Analysis
Annuloplasty ring strains and LVP were continuously acquired using a compact Data Acquisition System (cDAQ 9174), strain gage bridge module (NI 9237), and analog voltage module (NI 9215) (National Instruments, Austin, TX) at 1613 Hz. Ring strains, LVP, and EKG were monitored and recorded using a custom-built program within the LabVIEW software program (National Instruments, Austin, TX). Recorded data were processed offline using a custom MATLAB program (Mathworks, Natick, MA). Within this program, measured strains were converted to stress using the elastic modulus of ring's titanium core (114 GPa). Ring stresses and LVP were averaged over 10 consecutive cardiac cycles and reported as a mean ± 1 standard deviation.
Results
Prior to cardiopulmonary bypass, echocardiography revealed the subject to exhibit an enddiastolic mitral annular area of 7.14 cm 2 with septal-lateral and transverse dimensions of 2.45 cm and 3.37 cm, respectively. Negligible MR (grade 1+) was observed. During cardiopulmonary bypass and ring implantation, the transducer was found to slightly undersize the mitral annulus. At implantation, a suture passed through the ring cuff inadvertently damaged the strain bridge measuring in-plane stresses on the septal portion of the ring. As a result, the study proceeded with 7 of 8 ring measurement locations.
Following successful implantation; the stresses imparted on the ring by the flaccid annulus were measured. The distribution of stresses on the ring surface was heterogeneous with a combination of compressive (−) and tensile (+) stresses. On both the in-and out-of-plane surfaces, these stresses ranged from −3.17 to 5.34 MPa (Fig. 3 ). The largest stress was observed on the apical-basal surface at the septal portion of the ring. While sutures were attempted to be placed at near symmetric locations around the ring's circumference, the order of suture anchoring was hypothesized to play a significant role in the heterogeneous sign and magnitude of the observed stresses.
After weaning from cardiopulmonary bypass and establishing baseline hemodynamics, local cyclic stresses in the ring were successfully measured. Two consecutive representative cardiac cycles of the ring stresses with LVP and EKG are plotted in Fig. 4 . Throughout each cycle, ring stresses were seen to increase from ventricular diastole and peak near mid-systole (Fig. 4) . Exceptions to this observation included the lateral ring area (in the apical-basal direction) and the posterior commissural area (in the anterior-posterior direction) whose stresses became more negative during isovolumetric contraction indicating local tensile loading. The mean peak change in ring stresses for 10 consecutive cardiac cycles is shown in Table 1 .
Acquired 3D echocardiography images demonstrated the transducer to remain fixed in the annular plane throughout the experimental protocol. Using Doppler echocardiography, the implanted ring increased the mean transmitral pressure gradient from 1 mmHg (preimplantation) to 8 mmHg at 126 beats/min. Combined with the inner orifice area of the ring transducer (1.6 cm 2 ), ring implantation resulted in moderate MV stenosis. Upon the study's completion, the heart was explanted and transducer found to remain firmly secured to the mitral annulus with no thrombus formation (Fig. 2C ).
Discussion
The stresses imparted on the ring at implantation were approximately 4-fold larger than the cyclic changes in stress throughout the cardiac cycle. From these initial stress results, mitral annular reconstruction with the rigid ring transducer restricted the ability of the surrounding myocardium to systolically shorten. These results compare favorably to previously observed reductions in annular dynamics from ring implantation (Rausch et al., 2012) .
Understanding annuloplasty ring stresses can aid in the improvement of ring design and develop a greater understanding for the mechanistic relationship between ring implantation and LV function. Evaluating the relationship between mitral annular geometry and ring stress may lead to improvements for optimizing complete rigid ring geometry and materials. Measured in-plane and out-of-plane stresses that are specific to differing ring designs can aid in identifying areas of high stress and develop methods or techniques to reduce them. Moreover, these transducers can aid in understanding how increasing the number of ringannulus sutures may impact regional ring stresses and basal LV function.
While it was desired to isolate the magnitude and direction of forces acting on the annuloplasty ring, it was not possible to isolate directional forces through the use of a calibration apparatus. Since annuloplasty transducers are complete rings, a force applied to a given ring location will affect the material deformation at other ring locations. A ring deformation that is measured by a strain gage therefore can be the result of an infinite combination of directional forces acting at locations other than the intended calibrated location and direction. As a result, this study focused on quantifying the ring stresses that result from the multi-directional loading for which annuloplasty rings endure.
Several limitations exist in this study. In comparison to commercially available annuloplasty rings, the developed transducer is larger due to limitations in strain gage size. Measured ring stresses were likely affected by suture location and securing order. Increasing the number of implantation sutures may reduce ring stresses, but an optimal ratio of sutures to ring-annulus geometry is currently unknown. The physiological benefit of adding more sutures to reduce ring stress for a given ring-annulus geometry is also unknown and will be a subject of further investigation. Carefully controlling ring transducer manufacturing, methods of surgical implantation and number of annular-ring sutures will be critical for the success of future studies.
This study was successful in assessing the feasibility of developing a transducer to quantify the regional stresses imparted on a flat mitral annuloplasty ring due to implantation and cyclic annular contraction. Future studies will evaluate the effect of differing annuloplasty ring sizes, geometries, and implantation methods. The determination of these endpoints will significantly contribute to improved knowledge for the annulus-ring stresses, their relationship with LV function, and the safer development of surgical techniques and devices for MV repair. (A) Anatomical directions, (B) Annuloplasty ring core with dimensions, (C) Image of the titanium annuloplasty ring core with bonded strain gages and lead wire terminals, and (D) Planar orientation of the mounted strain gages with labels indicating their measurement direction. A. Ten 2-0 sutures are placed through the suture cuff of the annuloplasty ring transducer for implantation, B. While on cardiopulmonary bypass the transducer is implanted to the mitral annulus, C. Post-experimentation, the left atrium is removed and the transducer was inspected for firm anchoring to the mitral annulus. Annuloplasty ring stresses measured after implanting the ring to the mitral annulus in the flaccid cardioplegic heart (all stresses are expressed in MPa) with arrows indicating compression (arrows pointing towards the ring) or tension (arrows pointing away from the ring) at each measurement location. Left: Two consecutive representative cardiac cycles of the apical-basal and planar ring stresses plotted with left ventricular pressure and electrocardiography; Right: pictorial representations of the ring with arrows indicating compressive stresses (arrows pointing towards the ring) or tensile stresses (arrows pointing away from the ring) at each measurement location at peak left ventricular pressure. Table 1 10-cycle ensemble averaged stresses at each annuloplasty ring location and direction expressed as a mean ± 1 standard deviation in MPa (positive values indicate tension while negative values indicate compression at peak left ventricular pressure)
Location on the Annuloplasty Ring
Ring Direction Septal
Lateral Anterior Commissure
Posterior Commissure
Apical -Basal 0.63±0.02 −0.49±0.01 0.54±0.02 1.13±0.01
Planar n/a −0.31±0.04 0.46±0.01 −0.61±0.01
